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In particle physics we try to nd out what are the fundamental particles and
how they interact. This is motivated from the belief that there must be some
fundamental law that governs everything. The diverse phenomenon we see all
around us must somehow be connected and there must be some fundamental
principle that dictates the behaviour of everything. This inherent idea of
unication is the foundation stone of particle physics.
Initially this started as a philosophical question. Thales said everything
is made of water. Then Aristotle told everything is made of water, earth,
air and re. A similar notion was prevailing in Indian philosophy which said
everything is made of water, earth, air, re and mind (to distinguish between
living and non-living beings). Around the same time Democritus believed
that everything is made of atomos, the smallest particles which retain the
behaviour of the particle itself. Finally almost after two millenniumwe come
back to this idea when experiments tell us that this is how nature works.
When this idea comes as a result of experimental ndings, it comes out of
philosophical domain to the realm of scientic research.
We did not stop when atoms were found to be the smallest particles. We
discovered atoms are made of protons, neutrons and electrons. We continued
to look for substructure and nd that neutrons and protons are made of
quarks. Our present knowledge tells us that the most fundamental particles
are quarks and leptons. They have some intrinsic half integer spin and hence
they are the fermions. There are also spin one particles, which mediate the
interactions between these particles. They are called the gauge bosons, since
their nature is dictated by the underlying gauge theory.
For example, all charged particles undergo electromagnetic interaction,
which is a U(1) gauge theory. This theory has only one generator, the electric
charge Q. When a charged particle is placed at any point, it creates a
eld around it. This information is carried by the generator of the U(1)
symmetry group, which is the photon. The photon is then the gauge boson
corresponding to this U(1) gauge symmetry.
Now consider a non-abelian symmetry group SU(3). The symmetry group
has a fundamental representation of three elements. There are eight gener-
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ators of the group, out of which two are diagonal. These two diagonal gen-
erators determine the color charge of the group and the dierent elements
of the group are connected by the generators of the group. The quarks un-
dergo strong interactions, which is a SU(3) gauge interaction [1]. The quarks
are conned inside a proton and a neutron by the strong interaction. This
means there are three fundamental quarks, whose interactions are mediated
by eight gauge bosons corresponding to the generators of the group. These
eight gauge bosons are called the gluons. The SU(3) color symmetry will
ensure that all the interactions are governed by one coupling constant, the
SU(3) gauge coupling constant.
All these gauge bosons we mentioned are massless, since these gauge
symmetries are exact. There exists another interaction, which give rise to





This process can be thought of as a neutron going into a proton releasing a
gauge boson (which has to be charged) which then decays into an electron
and a neutrino. These two charged gauge bosons W

are massive and has a
mass of around 100 GeV. There is another neutral gauge boson, which also
has similar mass. They mediate the weak interaction [2].
In the Standard Model the electromagnetic and the weak interactions





broken to a U(1)
Q
. The left handed leptons, an electron and a neutrino, form
a doublet of the group SU(2)
L
. Similarly a left handed up quark and a down
quark also form a doublet. The gauge bosons connect the two states. So,
if a left handed electron is transformed into a neutrino, a W
 
gauge boson
will be released, or a W
+
gauge boson will interact with a down quark to





spontaneously broken by Higgs mechanism and only a combination of the two
neutral gauge bosons remains unbroken. This unbroken U(1)
Q
group gener-
ates the electromagnetic interaction. The spontaneous symmetry breaking
give masses to the three gauge bosons. This symmetry breaking requires
another scalar spin 0 particle, called the Higgs boson. This Higgs boson gets






have two gauge coupling constants. One combination of
them becomes the electric charge (the gauge coupling constant of the un-
broken U(1)
Q
symmetry generating the electromagnetic interaction at low
energy.
To understand this symmetry breaking, consider a simple example of a
boy with ve girlfriends. He will have equal probability to be found with any
one of these ve girl friends. So, the boy will have a vefold symmetry. Now,
if he gets married to any one of them, this symmetry will be broken and the
boy will be trapped in the innite potential well of his wife. The vefold
symmetry in his movement will be lost and his movement will be restricted
only around his wife, which is his vacuum expectation value.
In the standard model, there are three coupling constants, corresponding






. All the gauge bosons
of any group couple to fermions belonging to its fundamental representations
with the same coupling constant. These coupling constants change with en-
ergy. It was then found that at very high energies (about 10
16
GeV), these
coupling constants approach a single point. At this energy it is possible
to have a single gauge group with only one gauge coupling constant, which
contains all the low energy subgroups. This is the so-called grand unied
theory (GUT). All the three interactions, the strong, the weak and the elec-
tromagnetic interactions come out of this single grand unied interaction as
its low energy manifestations. At the grand unication scale of about 10
16
GeV, there are new Higgs scalars, which give rise to a symmetry breaking,







All the fermions, the quarks and the leptons, now belong to some represen-
tations of the grand unied group [4].
In a grand unied theory there are now new gauge bosons which can relate
a quark to a lepton, giving rise to proton decay. However, since the scale
of unication is very large, these processes are suppressed and the lifetime
of proton comes out to be greater than 10
32
years. But the baryon number
violation due to this grand unication has another very good implications.
This can explain why there are more baryons compared to antibaryons in
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the universe we see around us. This generation of baryon asymmetry of the
universe came out as a bonus to this theory [5].
This unied picture of all gauge interactions has very strong theoretical
motivation, but experimentally it could not be veried. Due to the limitations
of the accelerator energies, direct verication is completely out of question.
Moreover, there is one serious problem with this theory. The existence of
such large scale and the Higgs scalars with such large vacuum expectation
values, tends to make the electroweak Higgs scalars superheavy. This two
very widely dierent scales then pose the problem of gauge hierarchy. This
problem states, what prevents the Higgs scalars required for the electroweak
symmetry breaking from picking up a mass of the order of the very large
scale, say the the scale of grand unication.
A solution to this gauge hierarchy problem [6] then gave birth to a new
theory, called supersymmetry [7]. This is a symmetry between a fermion
and a boson which means that corresponding to every fermion, there is a
boson with equal mass and corresponding to every boson there is a fermion
with same mass. However, such superparticles have not been observed in
nature so far. So, this supersymmetry has to be broken at some scale close
to the electroweak symmetry breaking scale of around 100 GeV. This will
mean that all the superparticles, i.e., the superpartners corresponding to the
particles we see around us, gets a mass at the supersymmetry breaking scale.
So, although we have not seen these particles so far, in the next generation
accelerators we should see these particles.
The supersymmetric grand unied theory can then be the consistent uni-
ed theory of all gauge interactions [8], which could be tested in the next
generation accelerators. Although we cannot reach the unication scale ex-
perimentally, the existence of the superparticles and other low energy signa-
tures can give us enough evidence for this theory. But this theory does not




The rst approach to unify gravity with any gauge interaction was due to
Kaluza and Klein [9]. They tried to explain both gravitational interaction
and the electromagnetic interaction from one theory. They work in a ve
dimensional space-time, where one of the space dimensions are compact. For
example, the boundary of a circle is a one dimensional compact space. If
we identify the two end points of a line with each other, it can be identied
with a circle. Similarly, any space with all its end points identied to each
other becomes a compact space, since in no direction one can reach the
point at innity. When any such compact space dimension is viewed from
a distance it appears as a point. Consider the boundary of a circle. If we
look at it from larger and larger distances, it will start appearing smaller
and smaller. Finally it will appear as a point. This is the basic idea of
Kaluza-Klein theory. Although there are four space dimensions, one of the
space dimensions is compact with a very small radius. As a result, in all
experiments we could see eects of only four dimensions. Since there are
now four space dimensions and one time dimension, we have to write the
theory of gravity in ve dimensions. The mediator of gravity, the graviton,
expressed by the space-time metric in a linearized theory of gravity, will now
contain the four dimensional graviton and also the photon, which mediates
the electromagnetic interaction. This idea can then be extended to include
all gauge interactions in the higher dimensional metric.
The foundation stone for the general theory of relativity is the equivalence
principle [10], which assumes equivalence between the inertial mass with the
gravitational mass. This implies the weak equivalence principle, that eects
of gravitation can be transformed away locally by using suitably accelerated
frames of reference. This can then be generalized to strong equivalence prin-
ciple, which allows us to study gravitational interaction by studying only the
geometry of the space-time.
Let us consider an example of a at space-time in the absence of any
matter. Compare this with a wire mesh, stretched from its end points. If
you place any object the space-time will no longer remain at. It is like
placing an object on the wire mesh (see gure 1). Now one can study the
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eect of this object in this space-time only by considering the curvature of
the space-time. For example, if you place another small ball on the wire
mesh, it will roll down towards the big ball. In the language of gravity, we
may say that if the space has a curvature like this (as created by the big
ball), then any other smaller object will role down along the curvature, or in
simple language two objects always attract each other under the inuence of
gravity.
M
Figure 1: Curvature of space in the presence of a massive object M.
To understand the geometry of space-time, consider the distance between












But if these two points are not connected by straight line, the distance can










where sum over repeated index is implied. The indices ;  = 0; 1; 2; 3 run
over four space-time coordinates. The coecient g

is a function of the
space-time coordinate x

: This is called the metric and this species the
geometry of the space-time. To study the geometry of any space-time for an





Consider a line element in a ve dimensions, which can be expressed in
terms of a ve-dimensional metric g
MN










We then make an ansatz to express this ve dimensional line element in terms























































where r is the radius or size of the compact fth dimension. This clearly in-
dicates that the coordinate transformation in the fth dimension can appear
as gauge transformation in four dimensions.
Above ansatz is valid only when the extra dimension is compact, i.e., the
end points can be identied by the boundary condition
y = y + 2r: (8)
A scalar eld satisfying this boundary condition
(x; y) = (x; y + 2r) (9)
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Single-valuedness of the exponent under the boundary condition of y will then
imply that the transverse momentum of any state 
n
will be p  O(n=r).
So, in four dimensions we shall see all these excited states with momentum
 O(n=r): Since we want to uniy the electromagnetic interactions with










GeV. Thus only the zero modes (n = 0)
will be observable at our present energy and all the excited states will have
masses of the order of the Planck scale. Only when we reach that energy we
can see all these excited states. At the Planck scale we shall also be able to
resolve the extra dimension and at even higher energies this fth dimension
will appear to be similar to the other space dimensions.
Similar to the scalar eld the ve dimensional metric g
MN
(x; y) can also

































where the eld  appears as a scaling parameter in the fth dimension and is
called the dilaton eld. In the power series expansion, all the higher modes
will have mass of the order of multiples of Planck mass. Only the lowest
state will remain massless. The n = 0 massless mode of the gauge eld A

can now mediate the electromagnetic interaction.
We can then start with the Einstein action in ve dimensions with the ve
dimensional metric. Make the ansatz for the metric and assume a compact
9
fth dimension and then expand the metric in terms of its four dimensional
zero modes. In four dimension we then get the usual Maxwell action for the
electromagnetic interaction and the Einstein action in four dimension ex-
plaining the gravitational interaction. Thus starting from a ve dimensional
gravitational interaction, given by metric in the ve dimensional space-time,
we get the four dimensional metric (giving us the gravitational interaction)
and the four vector (giving us the electromagnetic interaction).
3 Developments in higher dimensional theories
The Kaluza-Klein theory was then extended to include all the gauge interac-
tions. The electromagnetic interaction could be accomodated with only one
extra dimension. But to accomodate the strong, weak and electromagnetic






gauge theory, we need at
least 7 extra dimensions. So, many attempts were made to study a eleven
dimensional theory, which can then give rise to all these interactions in our
four dimensional world. This 11 dimensional unied theory has another im-
portance.
In an ordinary supersymmetric theory, we assume there is only one su-
persymmetric charge. So, every boson is related by this charge to a fermion
and any fermion is related to a boson by the same charge. This is called a
N = 1 supersymmetry. There could be higher supersymmetric theories as







a scalar to a fermion, Q
2
will take the fermion to a vector. Similarly, Q
2
takes the scalar to another fermion, which gets related to the same vector
by the action of the charge Q
1
. Thus in the smallest multiplet there is one
scalar, two fermions and one vector. The next higher theory is the N = 4
supersymemtry, in which the lowest multiplet contains a spin3/2 particle,
while the N = 8 supersymmetry contains a spin2 particle in the lowest
multiplet. Since there are no consistent eld theory for particles with spin
higher than 2, N = 8 supersymmetry is the largest supersymemtry we can
consistently construct. It was then shown that N = 8 supersymmetric the-
ory in four dimension has a correspondence with the 11-dimensional N = 1
supergravity theory. Any higher dimensional supersymmetric theory would
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then be inconsistent, since they will have correspondence with higher than
N = 8 supersymmetric theories. From this point of view, 11-dimensional one
is the highest dimensional theory which could be constructed consistently.
The 11-dimensional supergravity theory was studied extensively. But
it was realised that it is not possible to get all the gauge interactions and
the required fermion contents of the standard model from this theory. Then
there was attempt to consider 11-dimensional theories with gauge groups. Of
course, the main motivation of obtaining all gauge interactions and gravity
from one Einstein action at 11-dimensions would be lost, but still this became
an important study for some time. In this construction the main problem
was due to a new inconsitency, the anomaly.
In any gauge theory there are some triangle loop diagrams (with fermions
in the loop and gauge bosons at the vertices) which are diverging. It de-
pends on the fermion contents of the theory. The symmetry of the classical
lagrangian is then broken by quantum eects, if these anomaly diagrams
are non-vanishing in any theory. Thus for theoretical consistency one needs
to make any gauge theory anomaly free. In higher dimensions, one has to
take care of gauge anomalies as well as the gravitational anomalies. In any
11-dimensional supersymmetric theory, if there is a gauge group, the gauge
fermions would contribute to the gauge and gravitational anomalies. If these
anomalies do not cancel, the theory would be inconsistent. Thus the anomaly
problem could not be solved in 11-dimensional theories.
This problem was solved in a 10-dimensional superstring theory. If one
considers an extension of the particles along one internal extra dimension,
so that the particles appear as strings with certain boundary conditions (to
take care of the problem of causality), then one can construct a consistent
eld theory for these strings. A very nice feature of such superstring theories





group and the SO(32) group [11]. It was then found that when
the extra six dimensional space is compactied, the four dimensional world
contains all the required fermions and the standard model gauge groups.
Supersymmetry could remain unbroken till the electroweak scale to take care
of the gauge hierarchy problem. This then appears to be the unied theory
of all known interactions [12].
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It is not easy to obtain all the low energy features starting from the
superstring theory at 10-dimensions. But the superstring theory has estab-
lished itlself as the most consistent theory of quantum gravity. There are
several types of superstring theories, but now some duality conjectures have
related all these theories to one consistent theory in 11-dimensions. So, al-
though these theories now appear to be far from any experiments, it is now
established that these theories has the prospect of becoming the theory of ev-
erything. The scale at which this theory is operational is close to the Planck
scale. This makes it experimentally non-viable for a very very long time, or
probably at any time.
4 New theories with extra dimensions
While all these interesting ideas of unication were predicting very high en-
ergy scale, which cannot be reached by any Laboratory experiments, one very
interesting theory emerged with all the new hopes [14, 15, 16]. This theory
predicts all new physics within the range of our next generation accelerators.
If any signatures of this theory is observed in nature, it will mean that we
can see signals of superstring theory, black holes, grand unied theories, all
in the next generation accelerators [13].
It started from our understanding of membranes. In a string theory, we
assume that the particles we see around us is actually like strings. Since the
entire string propagates with time, we have to apply boundary conditions to
the end points for consistency. This lead us to either open or closed strings,
which has dierent boundary conditions. When this theory was extended to
a membrane, one has to apply boundary conditions to its boundary surfaces.
This can then be extended to higher n-dimensional branes. In general, branes
are static classical solutions in string theories. A p-brane denotes a static
conguration which extends along p-spatial directions and is localized in all
other directions. Strings are equivalent to 1-branes, membranes are 2-branes
and particles are 0-branes. A p-brane is described by a (p+ 1) dimensional
gauge eld theory.
In the new class of theories with large extra dimensions [15, 16], one
uses this idea of p-branes and assume that the standard model particles are
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conned along the three spatial dimensional walls of a higher dimensional
theory. Only gravity propogates along the bulk or all the dimensions. Since
such solutions are invariant under translation in the transverse directions,
the standard model particles cannot feel the extra dimensions. Since the
standard model particles are stuck to the three dimensional walls of a higher
dimensional theory, they are explained by four dimensional gauge eld theory.
Only the 4+ndimensional gravitons are free to propagate in all the directions
along the bulk. The thickness (M
 1
) of the boundary walls sets the scale (M)
of the theory to be around a few TeV. Since only gravity propagates along
the bulk, any experiments with the standard model particles cannot detect
the existence of these extra dimensions. This allows these extra dimensions
to be very large, of the order of a few mm. This will then cause deviation
from the Newton's law at a distance of a few mm.
The main feature of the theory with large extra dimensions is that it
predicts the scale at which gravity can get unied with other interactions
to be about a few TeV and not the Planck scale. In other words, since
gravity propagates mostly along the extra dimensions, in our 3-brane it has
a very little probability, which suppress its coupling to ordinary particles.
But the gravity couplings in the bulk is not small. It is assumed that such
connement takes place at some high energy. So, at higher energies, all the
dimensions becomes transparent to the standard model particles and then
gravity becomes as strong as other interactions. So, the scale at which gravity
interacts strongly in our world becomes the fundamental scale of this theory,
which is of the order of a few TeV.
Consider a 4 + n dimensional space, where the extra n dimensions are
compact with radius R. The gravitational potential in the four dimensional





distance r R is given in terms of the Planck scale M (through its relation












When these test particles are separated by large distance r  R, the gravi-



























which relates the true Planck scale M in the higher-dimensional theories and
the eective Planck scale M
P l









Using the observed Planck scale in 4 dimensions, we can get an estimate of
the radius of compactication of the extra dimensions. If we now require
that M is of the order of TeV, then n = 1 is not allowed since it requires a
deviation from the Newtonian gravity at a distance R  10
13
cm, which is
about the distance scale of the solar system. Since we have tested gravity
only down to a distance of a mm, any value of n  2 is allowed. In all earlier
theories M was assumed to be the same as the Planck scale of 4 dimensions,
which made the compactication scale to be of the order of the Planck length.
At present the Newton's law is being tested at this scale and any deviation
would then imply the existence of such large extra dimensions.
The experimentally veriability of these theories with extra large dimen-
sions make them most interesting. In the conventional theories the gauge
couplings constants of the standard model gets unied at the grand unied
scale of about 10
16
GeV. But in theories with large extra dimensions this
also gets changed. Since the compactication scale is the fundamental scale
of a few TeV, the Kaluza-Klein excited states corresponding to the standard
model fermions now have mass of multiples of a few TeV. All these new par-
ticles then modify the gauge coupling constant evolution and the unication
is now achieved at a scale slightly above the fundamental scale [14]. The
unication scale is now brought down from about 10
16
GeV to about 30 TeV
(see gure 2). So, we have grand unied theory within the reach of the next
generation accelerators. In addition to the signals for the grand unication
or quantum gravity, there are other signals of the new physics arising due to
the existence of the new dimensions. Since gravitons propagate in the bulk,
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some of the energies can be carried away by the gravitons, giving rise to new






















Figure 2: Coupling constants evolve along the straight line and get unied
at around 10
16
GeV in ordinary grand unied theories. In the presence of ex-
tra dimensions the Kaluza-Klein excited modes make the coupling constants
evolve very fast above 1 TeV so that they get unied at around 30 TeV.
In these theories there are no large scale and all the very high energy
scales are brought down within our reach. But this has some drawback. For
an explanation of some phenomena we need very high scales. For example,
the ination in the early universe, the smallness of the neutrino mass, the
smallness of the axion couplings to solve the strong CP problem, etc. These
problems now require new solutions. But such solutions can again lead to new
signatures which are testable. In the following we discuss one such problem
in little details and its solution [17].
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In the standard model neutrinos are massless. An explanation of the tiny
neutrino mass, as evidenced by the atmospheric neutrino anomaly, requires
new physics beyond the standard model. Since neutrinos are charge neutral,
they can be ordinary Dirac particles like any other quarks or leptons, or they
can be their own anti-particles. In the later case two neutrinos will annihilate
each other and they are called Majorana particles. For a Majorana particle
we do not require any new right handed neutrino states to give mass. Only









Since this violates the SU(2)
L
symmetry, this mass is forbidden by the elec-
troweak interaction. But after the SU(2)
L
symmetry is broken by the vacuum
expectation value of the SU(2)
L
doublet Higgs scalar H, it is possible to get










Since this eective operator has a mass dimension ve, it is suppressed by
some scale M . The Majorana mass term breaks lepton number and hence
the large scale M is the lepton number violating scale.
This eective operator can be realised in more than one ways. We shall
discuss only one of these mechanisms, which can be embedded in theories
with large extra dimensions. We extend the standard model to include one
triplet Higgs scalar, , which has the interactions with the doublet Higgs
scalar H and the leptons `,
L









where  is some mass parameter of the order of the mass of . The rst two
terms together violate lepton number explicitly at a large scale, since the
Higgs doublets H does not carry any lepton number, while the left handed
leptons ` carry lepton number 1. The vacuum expectation value (vev) of the
Higgs doublet will then induce a tiny vev to the triplet Higgs scalar , which
would then generate a very small neutrino Majorana mass as required,
m









The scale of lepton number violation and hence the mass of  is required
to be of the order of 10
13
GeV to get a neutrino mass as required by the
atmospheric neutrino problem or the solar neutrino problem [18].
In theories with large extra dimensions, such large scales are not there.
As a result the smallness of the neutrino mass requires new explanation. In
fact, most small numbers cannot be obtained by large mass scale suppression.
However, there are small numbers in the theory arising from completely
dierent mechanism as we shall discuss. In this mechanism of neutrino mass
what we need is very small  and M

to be of the order of a few TeV.
The origin of the small numbers in theories of large extra dimensions
could be from a distant breaking of some symmetry. If the lepton number
is broken in a brane which is separated from our brane by a large distance,
then the induced lepton number violation in our brane will be small. In
fact, they will be exponentially suppressed by the distance between the two
branes. If the distance between the two branes is of the order of radius of
compactication, one can make an estimate of the amount of lepton number
violation in our world. From this one can calculate the value of  and hence
the neutrino masses in this model.
Since the mass of the triplet Higgs in this model is of the order of a few
TeV, the decays of the triplet Higgs would be observed in the colliders. The
triplet Higgs  decays into two same sign leptons, which is a very clean signal
and can be observed in the Tevatron upgrade or the LHC. If this dilepton
signal is observed and simultaneously a lepton number violation is established
in the neutrinoless double beta decay experiments, it will then imply that
there exists large extra dimensions in nature and neutrinos get mass from the
triplet Higgs scalars. This mechanism has another very interesting feature.
If the dilepton signals are observed in nature, the dierent branching ratios
of  would give us the couplings of  with the leptons. Since these couplings
enter into the neutrino mass, we shall be able to get all informations about
neutrino masses from colliders. This mechanism has another advantage. If
we can observe the dilepton signals and also some indications for lepton
number violation, then it would be an indirect indication of the existence for
the large extra dimensions. This signal has the advantage over other signals
for large extra dimensions in the sense that in this case the triplets could be
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light even if the Planck scale is heavier by few orders of magnitude. This
veriability of this model makes it better than otherwise equivalent models.
Similar to the models of large extra dimensions, there is another theory
with small extra dimensions [15]. In this theory the hierarchy problem is
solved with a non-factorizable metric. While the Planck scale physics re-
sides in a hidden sector brane, in our brane all physics is governed by the
fundamental scale. The distance between our brane and the hidden sector
brane gives exponentially suppressed small numbers. Only gravitons propa-
gates along the bulk, the space connecting the two branes, while the standard
model particles are conned in our brane. Although there are many similar-
ity and the basic idea is similar between the theory of large extra dimensions
and the theory with warped compactication or small extra dimension, tech-
nically these two models are widely dierent. But the main importance of
these ideas comes from the veriability of these models since both of them
predict a very low Planck scale and many new signatures in the next gener-
ation accelerators.
The models of extra dimensions have thus brought to us the physics of
very large scale, which were otherwise inaccessible to our experiments. If this
theory happens to be the actual theory of nature, then the next generation
accelerators can nd all kinds of new physics. In other words, the idea of
large extra dimensions brought to us all kinds of new hopes. If we do not
see any signals for this theory with large extra dimensions, then all the new
physics will remain unknown to us for ages. We may not nd out if there
is further unication of forces in nature or not or which is the actual theory
of quantum gravity. Only experiments can tell us whether the new extra
dimensions are only giving us new hopes or whether this is the theory of
nature.
Acknowledgement I would like to thank Abbas Ali for discussions.
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